A post-irradiation treatment of the human leukemia cell line MOLT-4 with the anitoxidant Trolox attenuated capase-3 dependent apoptosis. The increase in the p53 expression and SAPK/JNK activation after X irradiation was also inhibited by a Trolox treatment, but the expression of BCL-2 and BAX, which would occur downstream from p53, was not changed. Studies on the effects of the intracellular calcium chelator BAPTA-AM on the induction of apoptosis and the activation of SAPK/JNK and capase-3 proved that the chelation of calcium merely delayed the onset of radiation-induced apoptosis and the activation of SAPK/JNK and caspase-3. When the effects of the protein synthesis inhibitor cycloheximde on the apoptotic signaling pathways, including the activation of caspase family proteins and SAPK/JNK, were investigated, the expression of death receptor Fas through SAPK/JNK activation was found to be required for radiation-induced apoptosis. Finally, the relationship between the amounts of DNA dsb and induction of apoptosis was examined by irradiating BrdU-incorporated cells. An increase in DNA dsb caused by BrdU was found, but the induction of apoptosis was not enhanced. From these data, we could get no positive evidence for DNA as a target of X-rays and p53 as an indispensable factor to induced apoptosis in X-irradiated MOLT-4 cells.
INTRODUCTION
In MOLT-4 cells, ionizing radiation and alkylating agents induce apoptosis without G1 arrest and the expression of p21 WAF1 protein, which is an indicator of cells with a wild-type p53 [1] [2] [3] [4] [5] [6] [7] [8] [9] . It is generally accepted that DNA is a target of ionizing radiation and that DNA dsb plays a major role in the radiationinduced killing of mammalian cells 10) . Regarding radiationinduced apoptosis, p53 is activated in response to the formation of DNA dsb through ATM (ataxia telangiectasia mutated), and induces apoptosis [11] [12] [13] . At that time, DNA-dependent kinase is activated and p53 accumulates in the nucleus 14) . p53-mediated apoptosis mainly occurs via transcriptionally dependent and independent mechanisms that activate the mitochondrial pathway 15, 16) . Transcriptional activation of mitochondrial proteins, such as NOXA, p53 AIP1 and BAX, causes alterations in the mitochondrial membrane potential, mitochondrial ROI production and cytochrome c release 16) . The p53 causes the downregulation of BCL-2, which acts as an anti-apoptotic biomolecule 17) , and is also known to act as a transactivator of the BAX gene, which codes for a cell death-inducing protein 18) . Interactions among the BCL-2 family proteins (BAX, BAK, BCL-2, BCL-XL, NOXA, etc.) stimulate the release of cytochrome c to induce apoptosis 19, 20) . p53 can further enlist multiple other p53-induced effector genes. It can activate the death receptor pathway via death receptor target genes (DR-5 and Fas) or deathdomain-containing proteins (PIDD). There are also other target genes that operate through unknown apoptotic pathways (PIGs, DRAL, PAG608m and PERP) 16) . Looking at these facts from a different angle, cells with the abnormal p53 function become resistant to ionizing radiation 16, 19) . The expression of BCL-2 family proteins has been examined in relation to p53-mediated apoptosis 21) . MOLT-4 cells have a 133 bp insertion between exons 9 and 10 in an aberrant transcript by alternative splicing of pre-mRNA of p53, leading to a truncated p53 translational product 22) . We recently found that X irradiation induced apoptosis without quantitative changes in the expression of apoptosisrelated proteins, like BCL-2 and BAX, or a G1 arrest-related protein, like p21 WAF 1, 7) , though p53-dependent apoptosis in MOLT-4 cells was reported by other researchers 23) . In this paper we review our recent finding that apoptosis is induced by *Corresponding author: Phone: +81-11-706-5235, Fax: +81-11-706-7373, E-mail: kuwabara@vetmed.hokudai.ac.jp 1 caspase-3 activation, which is required for de novo protein synthesis through SAPK/JNK activation [6] [7] [8] [9] .
ATTENUATION OF CASPASE-3-DEPENDENT APO-PTOSIS BY A TROLOX POST-TREATMENT OF X-IRRADIATED MOLT-4 CELLS
It is accepted that radiation-induced lipid peroxidation of the plasma cell membrane, in addition to radiation-induced DNA damage, plays an important role in apoptotic cell death 4) . In lymphocytes, lymphocyte-derived cell lines and some tumor cell lines, ceramide is produced in the plasma membrane when cells are exposed to apoptosis inducers, like UV light, X-rays, ROIs, Fas antigen and TNF-α 24, 25) . These apoptosis inducers have also been reported to activate SAPK/JNK 26) , leading to the activation of caspase-3 27) , which is an executive enzyme of apoptotic cell death. Since these studies indicated that the membrane was a primary target of ionizing radiation for apoptotic induction, we studied the effects of post-treatment with Trolox, a vitamin E analogue and an antioxidant that can inhibit the peroxidation of membrane lipids, on apoptosis 6) . Its effects on the expression of apoptosis-related signal-transduction biomolecules, such as p53, BCL-2, BAX, SAPK/JNK and caspase-3, in X-irradiated MOLT-4 cells were also studied.
The effects of a post-treatment with Trolox on radiationinduced cell death in MOLT-4 cells were examined after X irradiation with 7.5 Gy by employing the trypan blue exclusion test. The number of stained cells that increased with the incubation time was suppressed when cells were treated with 10 mM Trolox after X irradiation 6) . An examination of DNA fragmentation at the nucleosome level by agarose gel electrophoresis proved that the inhibition of apoptotic induction by Trolox was responsible for the prevention of cell death 6) . The effects of a post-treatment with Trolox on the radiation-induced activation of SAPK/JNK, as well as caspase-3, were also examined by an immunoblot analysis of phospho-SAPK (activated form of SAPK/JNK) and active fragment p17 of procapase-3 6) . The maximum activation of SAPK/JNK and capase-3 was observed at 1 h and 6 h after post-irradiation incubation, respectively. The Trolox post-treatment significantly suppressed the activation of both SAPK/JNK and caspase-3, suggesting that the activation of capase-3 occurred downstream from the activation of SAPK/JNK. As for the effects of a Trolox post-treatment on the expression of apoptosis-related proteins (p53, BCL-2 and BAX), it significantly attenuated the expression of p53, but the amounts of BCL-2 and BAX remained constant. Since wild-type p53 was reported to regulate the expression of these proteins 18) , the lack of changes in the amounts of BCL-2 and BAX suggested that the function of p53 expressed in X-irradiated MOLT-4 cells was not normal. These findings were further supported by observing the expression of p21 WAF1 , a G1 cyclin kinase inhibitor, and its effects on the cell-cycle progression in MOLT-4 cells after X irradiation. A time-dependent accumulation of p53 was observed after 7.5 Gy irradiation at 4 and 6 h, but no expression of p21 WAF1 was observed. EB-transformed B cells possessing wild-type p53 had normal expression of p53 and p21 WAF1 after X irradiation 7) . A flow cytometric analysis revealed that cell-cycle arrest occurred at the G2 phase, but not at the G1 phase 6) . Our data indicates the possibility of the membrane, but not the DNA, as a target of X-rays in MOLT-4 cells. However, no positive conclusion could be drawn from the findings that no effects of oxygen accelerating membrane lipid peroxidation on the induction of apoptosis as well as signals related to apoptosis were observed in X-irradiated cells 9) and the additional finding that a post-irradiation treatment of X-irradiated cells by N-acetylcysteine frequently used as a redox regulator of enzymes protected the induction of apoptosis (unpublished data).
Ceramide is involved in apoptotic signaling 24, 25) . C6 ceraminde (N-hexanoylsphingosine) is sometimes used as a cell-permeable ceramide analog, and has been reported to induce apoptosis in MOLT-4 cells 28) . Another type of ceramide analog, C2 ceramide (N-acetylsphingosine), was also reported to induce rapid cell death in MOLT-4 cells 29) . Perry et al. showed that the inhibition of de novo generated ceramide by fumonisin, an inhibitor of dihydroceramide synthase, protected cells from etoposideinduced death 30) . We tried to determine whether the ceramide formation was responsible for radiation-induced apoptosis in MOLT-4 cells. The treatment of MOLT-4 cells with 5 and 50 µM C2 or C6 ceramide for 12 h induced apoptosis, but the frequency of apoptosis induced by each ceramide analog was about one-sixth of that induced by 7.5 Gy of X-rays (Fig. 1A) . In addition, a treatment of X-irradiated cells with 25 µM fumonisin B1 had little effect on apoptotic induction (Fig. 1B) . Though the interaction of ionizing radiation with the plasma membrane might stimulate the generation of ceramide, our results indicated that ceramide might not be mainly responsible for induction of apoptosis in MOLT-4 cells after X irradiation. However, since the change in the ceramide concentration before and after X irradiation was not measured, it may not strictly demand the conclusion that the possibility of ceramide as a trigger of apoptosis induction is low. A more detailed study is required to obtain conclusive evidence.
ROLES OF INTRACELLULAR Ca 2+ AND cAMP AS SECOND MESSENGERS IN X-RAY-INDUCED APO-PTOSIS OF MOLT-4 CELLS
In irradiated rat thymocytes, mouse B-cell lymphoma and MOLT-4 cells, the chelation of [Ca ++ ]i by BAPTA-AM has been reported to block the ladder-like DNA fragmentation that is indicative of apoptosis [31] [32] [33] . Therefore, it is of significance to examine the roles of intracelllar calcium [Ca 2+ ]i and cAMP as second messengers in the radiation-induced apoptosis of MOLT-4 cells. The intracellular calcium chelator BAPTA-AM, dibutyryl cAMP, a cell-permeable cAMP analogue that activates cAMP-dependent protein kinase, and forskolin, a cell-permeable diterpenoid that increases the intracellular concentration of cAMP by activating adenylate cyclase, were employed and their effects on the induction of apoptosis as well as the activation of apoptosis-related proteins, SAPK/JNK and caspase-3, were studied 7) . When MOLT-4 cells were exposed to X-rays, time-dependent ladder-like DNA fragmentation was observed at 4, 5 and 6 h after X irradiation. This fragmentation was significantly attenuated by a pretreatment with 5 µM BAPTA-AM up to 5 h after irradiation, but the attenuation became no longer detectable at 6 h 7) . Similar observations were also obtained for the activation of SAPK/JNK and capase-3. The activation of SAPK/JNK was observed at 1 and 3 h without a 5 µM BAPTA-AM pretreatment, but its activation was shifted to 3 and 6 h when it was pretreated with BAPTA-AM. The activation of caspase-3 was observed at 4 and 6 h without a BAPTA-AM pretreatment, but it was observed at 6 h with a BAPTA-AM pretreatment. The activity of caspase-3, which was measured by Ac-DEVD-MCA hydrolysis in the presence of BAPTA-AM at 6 h, was the same as that in the absence of BAPTA-AM 7) . These results indicated that BAPTA-AM merely retarded the activation of these proteins for about 2 h, and that the increase of [Ca ]i after X irradiation that was monitored by the emission intensity from fluo-3-AM showed that [Ca 2+ ]i was increased within 15 min, and that the maximum was about 1.2 times that of unirradiated controls. This increased response was sustained for 30 min and returned to the control level at 1 h. The increased response was completely abolished by BAPT-AM 7) . The quick increase of [Ca 2+ ]i may accelerate the expression of activated SAPK/JNK, but does not play an essential role in it. The role of increased [Ca 2+ ]i in X-ray-induced apoptosis quite contrasted with that in hydrogen peroxide-and singlet oxygen-induced apoptosis, in which calcium was essential for its induction [34] [35] [36] [37] .
Since it has been reported that agents (dibutyryl cAMP and forskolin) able to increase intracellular cAMP afford significant protection to PC12 cells exposed to H 2 O 2 38) and U-937 cells exposed to etoposide or X-rays 39) , the effects of pretreatments with both agents on the activation of caspase-3 were investigated to confirm the role of cAMP as a second messenger in the induction of apoptosis in X-irradiated MOLT-4 cells. As shown in Fig. 2 , few effects of either agent on the X-ray-induced activation of caspase-3 were observed, suggesting that cAMP had no essential role in the induction of apoptosis in X-irradiated MOLT-4 cells. This result also contrasted with that obtained from H 2 O 2 -treated cells 34) and that obtained from cells exposed to singlet oxygen 37) . reported that the inhibition of protein synthesis by CHX protected against X-ray-induced apotosis of human lymphocytes, ischemia reperfusion-induced apoptosis of rat cardiomyocytes, zinc depletion-induced apoptosis of cortical neurons and 2-chloro-2′-deoxyadenosine-induced apoptosis of MOLT-4 cells, respectively [42] [43] [44] [45] . We investigated whether protein synthesis was required for X-ray-induced apoptosis in MOLT-4 cells 8) . Fig. 2 . Effects of intracellular cAMP-increasing agents, dibutyryl cAMP and forskolin, on X-ray-induced activation of caspase-3 in MOLT-4 cells. The activity of caspase-3 was measured by the hydrolytic activity of its fluorogenic substrate, Ac-DEVD-MCA, by cell lysate. C, unirradiated control; X, 7.5 Gy of X irradiation; X + F, 7.5 Gy of X irradiation in the presence of forskolin; X + dbA, 7.5 Gy of X irradiation in the presence of dibutyryl cAMP. The data are the mean ± SEM of three experiments.
REQUIREMENT OF DE NOVO PROTEIN SYNTHE-SIS FOR INDUCTION OF APOPTOSIS IN X-IRRADI-ATED MOLT-4 CELLS
For this purpose, the protein synthesis inhibitor CHX was employed and its effects on apoptotic signaling pathways, including the activation of caspase family proteins and SAPK/ JNK and the expression of Fas (CD95/APO-1), were examined. CHX inhibited both X-ray-induced apoptosis and the activation of caspase family proteins (capases-3, -8 and -9), suggesting that the induction of apoptosis and the activation of caspases were required for de novo protein synthesis. As described above, since the activation of SAPK/JNK plays an important role in X-ray-induced apoptosis, we next examined the effects of CHX on the activation of SAPK/JNK. CHX was found not to suppress it. It is well-documented that activated SAPK/JNK activates c-Jun through its phosphorylation and the activated c-Jun forms a transcriptional regulatory factor, AP-1 complex, via homodimerization with another activated c-Jun or heterodimerization with c-Fos. We found that CHX abrogated not only the X-ray-induced expression of c-Jun, but also the binding ability of AP-1 with its consensus DNA visualized by electrophoretic mobility shift assay. This regulatory factor is involved in the synthesis of itself. The resulting overexpression of c-Jun acts as a transcriptional regulatory factor for the expression of Fas and upregulates it 46, 47) . Therefore, our results indicated that CHX suppressed the expression of Fas by downregulating the synthesis of c-Jun and the AP-1 activity in X-irradiated MOLT-4 cells.
In fact, when Fas expression on the cell surface of MOLT-4 was examined by a flow cytometric analysis with an FITC-conjugated anti-Fas monoclonal antibody, it could be recognized at 1 h that it was a little later than that of activated SAPK/JNK (0.5 h) and earlier than that of p53 (6 h) and the appearance of apoptotic cells (6 h) 6, 7) , suggesting that Fas expression was not p53-dependent. Fas expression was attenuated by a pretreatment of cells with CHX, a protein systhesis inhibitor, and posttreatment with not Z = VAD-fmk, a broad-spectrum caspase inhibitor but Trolox, an inhibitor of lipid peroxidation (Fig. 3) . This suggests that the caspase activation is regulated by de novo Fas synthesis and that DNA is not a target of X-ryas.
Interestingly, neither a neutralizing antibody nor an agonistic antibody against Fas affected X-ray-induced apoptosis. Furthermore, no induction of Fas ligand (Fas-L) was observed in X-irradiated MOLT-4 cells 8) . These results indicated that the clustering of Fas without Fas-FasL interaction triggered the X-ray-induced apoptosis in MOLT-4 cells and led to the activation of caspase-8. Chen and Lai also reported that the activation of SAPK/JNK led to FADD-dependent, but Fas ligand-independent, cell death in MKK7-overexpressed Jurkat T cells 48) . Recently, Taylor et al. showed that radiation-induced apoptosis in MOLT-4 cells requires de novo protein synthesis independent of de novo RNA synthesis 49) . This may explain the difference in the antiapoptic effects between actinomycin D and CHX treatments.
The activation of caspase-9 is regulated by a mitochondrial pathway via the reduction of the mitochondrial membrane potential (∆Ψm) and the release of cytochrome c 50, 51) . The cytochrome c release and ∆Ψm reduction are induced by irradiation, but remarkably inhibited by a CHX treatment 8) , suggesting that these mitochondrial alterations leading to the activation of caspase-9 are also dependent on de novo protein synthesis. It has been reported that Fas expression activates caspae-8 and the resulting capase-8 facilitates cytochrome c release 52) . However, cytochrome c release and ∆Ψm reduction are hardly attenuated by a pretreatment with the broad-spectrum caspase inhibitor Z-VAD-fmk 8) , suggesting that both cytochrome c release and caspase-9 activation are dependent on factors other than caspase-8. Experimental results using the protein synthesis inhibitor CHX indicated that the apoptosis of X-irradiated MOLT-4 cells was dependent on the activation of caspases regulated by de novo protein synthesis through the activation of SAPK/JNK.
RELATIONSHIP BETWEEN DNA DSB AND APOP-TOSIS IN X-IRRADIATED MOLT-4 CELLS
When BrdU is incorporated into genomic DNA instead of thymidine, the frequency of DNA dsb as well as the lethal efficiency after X irradiation is enhanced [53] [54] [55] , suggesting that the induction of DNA dsb is closely related to cell death in irradiated cultured mammalian cells. However, pre-incubation of MOLT-4 cells with BrdU had no effect on X-ray-induced apoptosis, though the frequency of DNA dsb analyzed by a comet assay was significantly enhanced 9) . Pre-incubation of another human leukemia cell line, HL60, with BrdU enhanced both the induction of apoptosis and DNA dsb. These results suggest that the target molecule of ionizing radiation leading to apoptosis was DNA in HL60 cells, but not in MOLT-4 cells. Hypoxia reduces both radiation-induced cell death and DNA strand breaks in cultured mammalian cells. Hypoxic cell radiosensitizers restore their sensitivities to the levels prior to the removal of oxygen 56) . Hypoxia and a hypoxic cell radiosensitizer, etanidazole, affected the frequency of DNA dsb in HL60 and MOLT-4 cells and affected the induction of apoptosis in HL60 cells, but not in MOLT-4 cells 9) . These data further support the conclusion that the target molecule of ionizing radiation leading to apoptosis is not DNA in MOLT-4 cells. Thus, irradiation experiments using MOLT-4 cells under conditions that altered the frequency of DNA dsb indicated that a considerable part of apoptotic induction by Xrays was independent of p53 in MOLT-4 cells. 
CONCLUSIONS
The signaling pathways leading to apoptosis are complex. The induction of apoptosis largely depends on the cell type and kind of stimulus. In fact, Nakano et al. reported the presence of p53-dependent apotosis pathways in X-Irradiated MOLT-4N1, a subclone of MOLT-4, by observing the action of dominant negative of p53 mutant 23) . Our results have also proved that p53-independent signal transduction pathways leading to apoptosis are actually present in MOLT-4 cells employed by us, though these pathways are partial and, therefore, p53-dependent pathways may also be partially involved. As described above, we could obtain no positive evidence for DNA as a target of X-rays. Furthermore, p53 was not necessarily an indispensable factor to induce apoptosis in X-irradiated MOLT-4 cells. It was only safely concluded that X-ray-induced apoptosis in MOLT-4 cells was dependent on caspase activation regulated by de novo Fas synthesis through SAPK/JNK activation.
Ionizing radiation is a typical stimulus of apoptosis, but it also sometimes induces not only apoptosis, but also necrosis. The induction of apoptosis appears to be an important factor of cancer cell sensitivity to ionizing radiation 57) . However, mutation in the p53 gene which is crucial to the cell sensitivity 58) , is found in the majority of human cancers 59) . The mechanisms of apoptotic induction determined by studying X-irradiated MOLT-4 cells may provide a therapeutic strategy to combat radioresistant p53-mutated tumors, though this cell line does not originate from a solid tumor. However, it is likely that the induction of apoptosis through the activation of SAPK/JNK pathways becomes useful in conventional cytotoxic treatments using ionizing radiation for cancer therapy. As illustrated in Fig. 4 , our studies have shown that ionizing radiation activates SAPK/JNK pathways and leads to not only Fas expression, but also to a de novo protein synthesis-dependent release of cytochrome c, capable of inducing apoptosis independent of the cellular p53 status. A Trolox postiradiation-treatment of cells attenuated the induction of apoptosis. A similar observation was obtained in N-acetylcysteinetreated cells (unpublished data). These results suggest that the induction of apoptosis through the activation of SAPK/JNK, followed by Fas expression and cytochrome c release, is redox-regulated. An enhancement of the activation of SAPK/JNK by a method combining a potent oxidant and ionizing radiation may be useful for devising new strategies to improve the therapeutic ratio in the treatment of p53-mutated tumors. 
